Purpose Although age is a recognized independent prognostic risk factor, its relative importance among molecular subtypes of Breast cancer (BCA) is not well documented. The aim of this study was to evaluate the prognostic role of age at diagnosis among different immunohistochemical subtypes of BCA. Methods We conducted a retrospective study of women with invasive BCA undergoing surgery at the Johns Hopkins Hospital, excluding patients presenting with stage IV breast cancer. Patients were stratified into three age groups: ≤ 40, 41-60, and > 60 years, and multivariable analysis was performed using Cox regression. We also identified differentially expressed genes (DEG) between age groups among BCA subtypes in the public TCGA dataset. Finally, we identified key driver genes within the DEGs using a weighted gene co-expression network analysis. Results Luminal A breast cancer patients had significantly lower 5 year disease-free survival (DFS) and distant metastasisfree survival (DMFS) in the ≤ 40 year age group compared to the 41-60 year age group, while the other molecular subtypes showed no significant association of DFS or DMFS with age. Age was a stronger outcome predictor than tumor grade or proliferative index in Luminal A BCA patients, but not other subtypes. BCA TCGA gene expression data were divided into two groups (≤ 40 years, > 40 years). We identified 374 DEGs in the Luminal A BCA subset, which were enriched in seven pathways and two modules of co-expressed genes. No age group-specific DEGs were identified in non-Luminal A subtypes. Conclusions Age at diagnosis may be an important prognostic factor in Luminal A BCA. 
Introduction
Breast cancer (BCA) is a common and heterogeneous disease. In 2017, there were 268,670 new cases of invasive breast cancer and 41,400 breast cancer deaths among US women [1] . Sorlie and Perou first classified breast carcinomas based on variations in gene expression patterns in 2001 [2] , allowing breast cancer to be classified into "intrinsic" subtypes including Luminal A, Luminal B (HER2 negative), Luminal B (HER2 positive), HER2 over-expression, and Triple Negative breast cancer [3] , each with different patterns of relapse, sensitivity to systemic agents, and longterm prognosis [2, [4] [5] [6] [7] [8] .
Several studies have reported that age at diagnosis is an independent prognostic factor for BCA [9] [10] [11] [12] [13] [14] , but the extent to which age affects prognosis among each molecular subtype is still incompletely defined. We also analyzed how the importance of age compared to that of other classic prognostic factors, and explored possible biological reasons why age may play different roles among subtypes using publically available information from the TCGA research network BCA data set [15] .
Methods
We conducted a retrospective study of consecutive female patients with a first invasive BCA undergoing mastectomy or lumpectomy at the Johns Hopkins Hospital (JHH) between January 2000 and December 2016. De-identified electronic medical record data were reviewed for patient age, tumor stage, tumor grade, Ki-67, tumor receptor status (Estrogen receptor [ER] , Progesterone receptor [PR], HER2), followup period, and treatment received (chemotherapy, hormone therapy, or radiation therapy). Patients with stage IV breast cancer at presentation and patients with missing data were excluded. We then used the TCGA breast dataset [15] to explore differentially expressed genes (DEG) between age groups among breast cancer subtypes, and we performed gene set enrichment analysis (GSEA) for the DEG. Finally, we identified hub genes of DEG using a weighted gene coexpression network analysis (WGCNA).
Variable definitions

Institutional dataset
Patient age was stratified into three age groups: ≤ 40 years, 41-60 years, and > 60 years. Immunohistochemistry (IHC), including ER, PR, HER2, and Ki67 status, was used as a surrogate for molecular classification of intrinsic BCA subtypes. ER and PR status was considered positive if at least 1% of tumor nuclei showed staining [16] . Cancer cell Ki-67 labeling by IHC was reported as a percentage from 0 to 100%. HER2 testing involved performing HER2 IHC, reported as 0, 1 +, 2 +, and 3 +, followed by reflex fluorescent in situ hybridization testing of all IHC equivocal (2 +) cases. A HER2 IHC score of 3 + or HER2:chromosome 17 fluorescent in situ hybridization ratio of > 2.2 was considered positive [17] .
Patients were classified into five molecular subtypes according to their IHC profiles: Luminal A (ER and/or PR positive, HER2 negative, Ki67 < 30% [18] ), Luminal B-HER2 negative (ER and/or PR positive, HER2 negative, Ki67 ≥ 30%), Luminal B-HER2 positive (ER and/or PR positive, HER2 positive), HER2 over-expression (ER and PR negative, HER2 positive), and Triple Negative (ER and PR negative, HER2 negative) [3] .
TCGA dataset
Patients were stratified into two age groups: ≤ 40 years, and > 40 years. Because Ki67 information is not available in the TCGA dataset, patients were classified into only four BCA subtypes: Luminal A (ER+ and/or PR+, Her2−), Luminal B (ER+ and/or PR+, Her2+), Her2, and Triple Negative. Non-Luminal A patients include Luminal B-Her2-positive, Her2 over-expression, and Triple Negative subtypes.
Statistical analysis
Disease-free survival (DFS) was defined as the time from BCA diagnosis to the development of any disease recurrence or death due to any cause. Distant metastasis-free survival (DMFS) was defined as the time from BCA diagnosis to the development of distant metastatic disease. Survival was modeled using Cox proportional hazards models, compared using log-rank tests, and plotted using the Kaplan-Meier method. Multivariable analysis was performed using Cox regression models to estimate hazard ratios (HR) and was adjusted for the following variables: race, molecular subtype, histologic grade, tumor stage, tumor size, lymph node status, chemotherapy (yes/no), hormone therapy (yes/no), and radiation therapy (yes/no). All statistical tests were two sided, and P < 0.05 was considered significant. Random forest survival models, as implemented in the R package randomforestSRC, were used to derive measures of the relative importance of prognostic factors, which are visualized with heatmaps. A variable importance score (VIMP) is calculated by permutation for each predictive variable included in the model [19] . Specifically, after building each tree in the forest, the values of variable x are randomly permuted among samples that were not used to train the tree in question, and the VIMP summarizes the reduction in predictive accuracy that results. Thus a large VIMP indicates a potentially predictive variable. DEG analyses were performed with the LIMMA package for R [20] , using R version 3.4.2. Gene set enrichment analysis (GSEA) was performed using the MsigDB Hallmark gene sets [29] , with GSEA 3.0. Weighted gene co-expression network analysis was performed with WGCNA package for R. Briefly, WGCNA assigns a connection weight between pairs of genes within the network based on a biologically motivated criterion and attempts to identify relevant modules by applying a soft threshold to correlations between pairs of genes within a network. Modules were defined as branches of the hierarchical cluster tree generated using the topological overlap-based dissimilarity as the input. The hybrid dynamic tree-cutting method was used to cut branches using a minimum module size of 30. Highly connected genes in a module (hub genes) suggest important roles in the biological processes. Hub genes were detected by calculating the module connectivity and defined as having an absolute value of the Pearson's correlation (cor. geneModuleMembership) > 0.8.
Results
Patient characteristics
Our institutional study cohort included 3524 (56%) of the 6233 initially screened JHH patients with invasive BCA. Table 1 lists the patient demographics, pathology, and clinical characteristics overall, and for each age group. 395 patients were ≤ 40 years old, 1,838 patients were 41-60 years old, and 1,291 patients were > 60 years old. The majority of our patients were white (67%) with a tumor ≤ 2 cm (67%). The majority of tumors had a negative lymph node status (66%), moderate tumor grade (51%), positive ER status (78%), positive PR status (68%), negative HER2 status (82%), and Ki67 < 30% (65%). The majority of molecular subtypes were Luminal A subtype (54%), followed by Luminal B-HER2 negative (13%), Luminal B-HER2 positive (12%), Triple Negative (16%), and HER2 over-expression (6%). With the exception of race, outcomerelated characteristics captured in our data set showed significant age-specific variation, with overrepresentation of factors associated with more aggressive disease in the ≤ 40 age cohort, and were generally consistent with published reports [21] [22] [23] .
Patient DFS and DMFS by age group
Among our cohort, the median follow-up was 85. Table 2 ).
Patient survival by molecular subtype
When stratified by age group, the 5 year DFS and 5 year DMFS was significantly different only among Luminal A breast cancer patients (P < 0.001, Table 3 ; Fig. 1 Differences in 5 year DFS and DMFS among the three age groups in Luminal B-HER2 negative, Luminal B-HER2 positive, HER2 over-expression, and Triple Negative subtypes (Table 3) were not statistically significant.
Relative importance of prognostic factors in predicting DFS and DMFS
We used the variable importance score from a survival random forest model to quantify the importance of the various prognostic factors in predicting outcome (Table 4 ; Fig. 2 ). Stage was the strongest predictor in all but the Her2 subtype. Age was the third most important factor to predict 5 year DFS and 5 year DMFS in the Luminal A subtype, but only a weak predictor in the other subtypes ( Fig. 2 ; Table 4 ). Tumor grade was predictive for DFS in the Luminal B-HER2 negative, Her2, and Triple Negative subtypes, but less so for DMFS, while Ki67 was predictive only for DFS in the Her2 subtype.
Breast cancer risk factors among different age groups by molecular subtype
To better understand the apparent association between age and risk for Luminal A breast cancer, we next tested whether age was associated with any other known prognostic factors in breast cancer. Based on previous reports, we identified African American race [24] , positive lymph node status, tumor size > 2 cm [25] , and tumor grade 2-3 [26] as potential risk factors associated with worse DFS and DMFS. As seen in Table 5 , young women with Luminal A breast cancer are more likely to be node positive and have higher tumor grade than are older women. No statistically significant associations with race or tumor size were observed in young Luminal A patients, and no significant differences were observed between young age and other risk factors in the remaining molecular subtypes.
Differently expressed genes (DEG) between young and old age groups by BCA subtype
To explore possible reasons why age may play different roles among BCA subtypes, we performed a DEG analysis using the breast TCGA dataset [15] . As shown in Fig. 3 , 176 genes were upregulated and 198 genes downregulated (Benjamini-Hochberg-adjusted p value < 0.05) between young and old Luminal A BCA patients (n = 491, including 36 under 40 years of age). The top ten differentially expressed genes are listed in Table 6 . There were no statistically significant DEG between young and old groups of any of the non-Luminal A BCA patients (n = 364, including 38 under 40 years of age).
Similarity between expression profiles of the young, Luminal A pattern and other BCA subtypes
In order to determine how similar the expression of the 374 identified DEG (176 upregulated + 198 downregulated) characteristic of young Luminal A subtype breast cancer was in other BCA subtypes, we calculated the mean expression value of the DEG set in the other BCA subtypes, and calculated their correlation with young Luminal A subset. As shown in Fig. 4 , we found only young Luminal B BCA to have a high correlation with young Luminal A BCA expression pattern. None of the other BCA subtypes or age cohorts express the 374 genes similarly.
Gene set enrichment analysis (GSEA) of DEG between young and old Luminal A BCA
We performed a GSEA to analyze the 176 upregulated genes and 198 downregulated genes we identified in young and old groups of Luminal A breast cancer patients in the TCGA dataset. Pathway enrichment for the DEGs was analyzed within the MsigDB Hallmark gene sets [27] , which consist of curated 50 gene sets representing well-defined biological states or processes displaying coherent expression. Using a False Discovery Rate (FDR) cutoff q value of 0.05, we identified seven enriched pathways, listed in Table 7 . We performed the same analysis on the non-Luminal A breast cancer patients and found that the "MYC_TARGETS_V1" pathway was enriched regardless of BCA subtype, whereas the other six identified age-associated pathways (see Table 7 ) were specific to the Luminal A subtype.
Weighted gene co-expression network analysis (WGCNA) of DEG between young and old Luminal A BCA
In order to identify possible driver genes among these DEG, we constructed a gene co-expression network. Using the default parameters for the WGCNA algorithm [28] , we conducted factor clustering to check for the presence of outliers, and optimized the soft threshold values. Unsigned coexpression networks were constructed using the blockwise module function in the WGCNA package for R [28] , selecting a soft threshold power of 6, estimated using functions included in the package. As shown in a cluster dendrogram in SFigure 2, 2 modules reached the minimum threshold of 30, containing 178 DEGs (turquoise cluster) and 101 DEGs (blue cluster), respectively. The list of hub genes reaching the threshold of 0.8 are listed in Table 8 . We then visualized the co-expression network for genes in the two module with Cytoscape [29] . Network A (turquoise, SFigure 3A) contains 103 nodes and 533 edges, and network B (blue, SFigure 3B) contains 57 nodes and 366 edges.
Discussion
The past decade has seen important advances in our understanding of the biology of BCA. We now know that hormone receptor-positive and -negative BCA are distinct diseases, with characteristic epidemiological and clinical features, as well as prognoses and event horizons, which can be as different as cancers arising in different organs. In spite of these advances, BCA subtypes remain heterogeneous in outcome, with an ongoing need to better risk stratify individual patients. In light of the molecular heterogeneity of BCA, evaluation of clinical factors in conjunction with molecular information may improve our management of this disease.
To the best of the authors' knowledge, our study represents the second largest cohort in the literature to analyze the prognostic value of age stratified by BCA molecular subtype. Moreover, this study is the first to evaluate the relative importance of age as a predictor of survival among female BCA patients and is the first to explore possible biological reasons why age may play different roles among subtypes.
In our study, after disease stage and radiation therapy, age at diagnosis was the most important prognostic factor, but only in the Luminal A subtype. In our stratified analysis, we can also report that, when controlling for tumor size among Luminal A patients, lymph node metastasis and high grade BCA is significantly more common in the young age group patients than in that of the middle age group (P < 0.05).
A younger age at diagnosis has been reported as a poor prognostic factor in BCA and associated with more aggressive disease [21, 30] , and recent studies have sought to investigate age at diagnosis as a prognostic factor according to different molecular subtypes [22, 23] . Similar to our analysis, it has been reported that patients less than 40 years were associated with a significant increase in risk of breast cancer-specific death from Luminal A and Luminal B subtype compared with older patients [23] . Moreover, age ≤ 40 years was an independent prognosis factor for BCA patients only in the Luminal A and Luminal B-HER2 negative subtypes [22] . While we did not observe a statistically significant association of age with outcome in the Luminal B subtypes, we did find higher recurrence rates in our Luminal B, HER2-negative subset. Despite several studies reporting age at diagnosis as a prognostic factor for Luminal A subtype BCA, the reason for this relationship remains unclear. Using a recently developed a prediction model nomogram based on clinicopathological variables for the Oncotype DX recurrence score (ODXRS) [31] , a gene expression classification (GEC) test for hormone positive BCA, age was the third most important predictor of low-risk and high-risk ODXRS, after tumor grade and PR status. The authors concluded that younger patients were more likely to have a high-risk score [31] . These results may be explained by variable 21-gene expression among Luminal subtype breast cancer at different patient ages. In agreement with the above results, it was reported that patients aged less than 40 had a significantly increased proportion of high-risk ODX score (55.9%), in comparison to patients aged 40-50 years (29%), 50-60 years (25%) and greater than 60 years (21%) [32] . Another report observed that among 295 patients using MammaPrint, another GEC test predominantly used for hormone positive BCA, a significant number of younger patients were classified as high-risk compared to older patients [33] . Fifty-two out of 63 (82.5%) patients < 40 years were classified as high-risk, while 32 out of 49 (65%) patients > 50 years were classified as high-risk.
A pooled gene expression analysis evaluated the association between patient age and 54 genes that were identified as related to early BCA using two datasets of 1188 and 2334 BCA patients [10] . Results from the first dataset (n = 1,188, ≤ 40 years = 191) showed that patients ≤ 40 years patients had a higher expression of RANK-ligand (P < 0.0001), c-kit (P < 0.001), mammary stem cell markers (P < 0.0001), luminal progenitor markers, and BRCA1 mutation signatures (P = 0.007), independent of tumor subtype, grade, and stage. Moreover, a disruption of the mitogen-activated protein kinase and PI3K pathways (P < 0.0001) and lower expression of BRCA1 (P = 0.003) and several apoptosis-related genes, particularly FAS (P = 0.03) was observed. Furthermore, it was reported that the expression of p53 is significantly higher in patients ≤ 40 years than those ≥ 50 years old only among luminal breast cancer subtypes [34] .
Other explanations of why younger age at diagnosis is a prognostic factor for worse survival outcomes in Luminal A subtypes have been proposed. Younger patients have a lower incidence and shorter duration of chemotherapyinduced amenorrhea, which may result in a worse prognosis for hormone receptor-positive breast cancer [35] . In agreement with this, SOFT and TEXT randomized phase III trials have shown that more intensive anti-hormonal therapy can improve the survival among young luminal subtype patients [36] .
Our biological exploration for the reason why age plays different roles among subtypes showed that 374 genes were differently expressed between young and old Luminal A breast cancer patients, and they are enriched in seven pathways, six of which only in the Luminal A subtype. Among these pathways, the epithelial to mesenchymal transition (EMT) is a cellular program that plays a key role in cancer progression and metastasis [37] , including in BCA [38] [39] [40] .
The contribution of transforming growth factor (TGF)β to breast cancer has been studied from many perspectives since seminal studies more than two decades ago. Although the action of TGFβ as a canonical tumor suppressor in breast is well established, TGFβ also regulates the DNA damage response, which may impede cancer therapy [41] , and TGF-β signaling has been shown to regulate EMT [42] .
When we constructed a co-expression network for the DEG between young and old Luminal A BCA, we found two main modules of co-expressed genes. All six hub genes in the 178 gene module are upregulated in young Luminal A breast cancer patients. MED13 is a transcriptional regulator that mediates several carcinogenic pathways and the chemotherapy-induced tumor-supporting paracrine network in a complex with CDK8, CCNC, and MED12. It has been reported that higher MED13 expression is associated with shorter recurrence-free survival in BCA [43] . BPTF, also known as Bromodomain PHD Finger Transcription Factor, promotes tumor growth and predicts poor prognosis in lung adenocarcinomas [44] . GNA13 (G Protein Subunit Alpha 13) is highly expressed in aggressive breast and prostate cancer cell lines, and GNA13 expression promotes drug resistance and tumor-initiating phenotypes in squamous cell cancers [45, 46] . The nine hub genes in the 101 gene module are all downregulated in young Luminal BCA patients. Mst1 is a major inhibitor of cell proliferation, and is involved in apoptosis and tumor suppression. BCA patients with low expression of Mst1 had poor overall survival [47] .
Our study has several limitations. An inherent weakness in this study is its retrospective nature. Furthermore, our data does not include socioeconomic status, education status, body mass index, patient comorbidity, and the detailed information on patient treatment regimen. For this reason, calculation of a frailty index was not possible, although increased frailty would be expected to affect the older age groups more than the younger age group. Moreover, due to the format of our dataset regarding treatment, our definition of 'chemotherapy' included anti-HER2 therapy. Despite these limitations, our results support the growing evidence that the relationship between age at diagnosis and breast-cancer-specific survival varies by tumor subtype.
In conclusion, our results show that age at diagnosis is strong prognostic factor in female patients with Luminal A type breast cancer. Our pathway and hub gene analyses based on the TCGA dataset may provide some insights into the underlying biology, and certainly underscores differences in the role of age-related factors between BCA subtypes. Prospective studies will be needed to determine the true prognostic value of age in this subset of BCA patients. Age at diagnosis may have the potential as an important cofactor to classify breast cancer patients to better predict patient prognosis and enhance personalized therapy.
